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Abstract 
This letter reports an experimental study which achieves reproducible oscillations in 
both pH and heat output (Qr) during a palladium-catalysed phenylacetylene oxidative 
carbonylation reaction in an homogeneous catalytic system (PdI2-KI-Air-NaOAc in 
methanol solution). Experiments were performed in an HEL SIMULARTM reaction 
calorimeter with precise control of temperature and gas flow rates. Under certain 
experimental conditions a second set of oscillations was observed. Oscillations in Qr 
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were exothermic with no corresponding endotherm. Total energy released during 
oscillations followed a staircase function with a maximum of 600 J/oscillation. Heat 
release was in phase with pH fall, and decreased as pH increased. 
 
1. Introduction 
The oscillatory nature of the phenylacetylene carbonylation reaction has been 
previously reported [1-4]. It was demonstrated that the homogeneous catalytic 
reaction system (PdI2, KI, O2, NaOAc in methanol) exhibits oscillations in redox 
potential, pH and the rate of CO/O2 gas mixture consumption. The observed duration 
of the oscillations was up to 240 minutes. 
The authors reported problems in reproducing the oscillatory behaviour under 
apparently identical reaction conditions. Furthermore it was reported [2] that both the 
number and characteristics of the oscillations are influenced by the purity of 
phenylacetylene, the temperature at which the phenylacetylene is stored, the stirring 
intensity and the rate of addition of sodium acetate. When using reagent-grade 
phenylacetylene without additional purification, oscillations were not observed in 
around 25% of experiments. Experimental reproducibility improved when the 
phenylacetylene was distilled and stored at room temperature. 
This reaction system is of interest for two reasons, firstly it provides a novel pH 
oscillator operating in a stirred batch reactor, and secondly because of the potential 
for the chemoselective synthesis of several commercially valuable products. Despite 
the significance of this system, as far as we are aware, oscillatory behaviour has not 
been achieved by other workers. In this letter, experimental conditions are reported in 
which reproducible oscillations in both pH and reaction exotherm (Qr) are achieved 
using a 1 litre automated reactor system. 
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2. Experimental equipment and chemicals used in this work 
All experiments were performed in an HEL SIMULARTM reaction calorimeter. The 
reactor is a one litre double jacketed glass vessel with slightly narrowing diameter 
walls (Øaverage90 mm). Agitation is achieved through stirring (0-600 rpm; PTFE 
pitched blade impeller Ø45 mm;), precise temperature control is achieved using an 
external cooling system with oil flowing through the jacket together with a regulated 
electrical heater (0-150 W) inside the vessel. In addition the reactor is equipped with 
solid and liquid dosing units, a liquid sampling unit, an inlet gas mass flow controller, 
a temperature probe (Pt 100) and a pH electrode. 
The reaction exotherm, Qr, was measured in all experiments using power 
compensation reaction calorimetry [5]. Other recorded variables were reaction 
temperature, pH, oil inlet and outlet temperatures, and agitation speed. The reactor 
system was closed but not sealed allowing pressure to be maintained close to 
atmospheric. 
All chemicals were purchased from Sigma Aldrich and used as received. 
Phenylacetylene (98%), product number 117706; palladium(II) iodide (99.99+%), 
product number 203963; potassium iodide (99.0+%), product number 221945; 
sodium acetate (99.0+%), product number 241245; methanol (99.9+%), product 
number 34860. The gas cylinders (CO (99.9%) and air) were purchased from BOC. 
 
3. Initial attempt to reproduce the experiments of Gorodskii et al. [2] 
Experiments [1,2] typically involved 10 ml of reaction mixture in a 200 ml glass 
reactor equipped with a reflux condenser, glass and platinum electrodes. Various 
mixtures of CO, N2 and O2 were used to purge the reactor and fill a calibrated gas 
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burette so that volumetric measurements of gas consumption could be obtained. The 
vessel was stirred and maintained at a constant temperature. 
In our work the reaction mixture was scaled to 450 ml. It was not possible to pre-mix 
gasses therefore CO and air were used simultaneously to purge the system. The gas 
flow rates supplied to the reactor were based on the consumptions reported [1-4]. An 
example of an experiment carried out in the reaction calorimeter is described below. 
The charging sequence and time intervals were the same as those reported by 
Gorodskii et al. [2]. 
Firstly methanol (400 ml) was placed in the empty dry vessel. The temperature was 
raised to 40°C and the stirrer speed set at 400 rpm. Consecutive additions of KI 
(29.91 g, 180 mmol), PdI2 (1.62 g, 4.5 mmol) and NaOAc (90 mg, 1.1 mmol in 50 ml 
of methanol) were then made with 10 minute stirring intervals between each. Ten 
minutes after the NaOAc addition air and CO were introduced into the reactor using 
dip tubes immersed in the liquid. The flow rate of each gas was set and maintained at 
16.7 ml/min throughout the experiment. Ten minutes after the gas purge 
commenced, phenylacetylene (4.95 ml, 45 mmol) was added to the calorimeter. The 
temperature of the reaction mixture was automatically controlled to 40°C throughout 
the experiment. The recorded pH profile is shown in Figure 1. 
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Figure 1. Experiment performed in the HEL calorimeter without achieving pH 
oscillations. 
After the addition of phenylacetylene, pH drops from around 8.6 to 2.2 over 180 
minutes. It then continues to decrease to 1.6 over a further 120 minutes. In an 
attempt to induce oscillations [2], small portions of NaOAc (42, 41 and 88 mg 
respectively) were added without success. Additional experiments produced similar 
pH behaviour with no oscillations. In experiments where CO and air were introduced 
at the start, a faster initial pH drop to <1.0 in 3-10 minutes was recorded upon 
phenylacetylene addition, but again no oscillations were observed. 
4. Achieving reproducible oscillations 
The reaction was investigated further and a new set of conditions under which 
oscillation occurred was found by trial and error. The principal changes to the 
reaction conditions were an increase in concentrations of reagents by around 30% 
and gas flow rates by around 200% together with prolonged stirring to dissolve PdI2. 
Upon reflection Gorodskii et al. [2] most likely created conditions of increased 
concentration through their use of a 200 ml glass reactor containing only 10 ml of 
reaction mixture. Significant evaporative loss of methanol would occur through flash 
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evaporation and purging. An example of a typical run that produced oscillatory 
behaviour is described below. 
First methanol (400 ml) and PdI2 (2.03 g, 5.60 mmol) were added to the vessel and 
stirred at 550 rpm. The temperature was set and maintained at 40°C. After stirring 
the mixture for 45 minutes, KI (37.39 g, 225 mmol) and NaOAc (114 mg, 1.40 mmol) 
in 50 ml of methanol were added. After a further 20 minutes, purging of the system 
commenced. Both the CO and air were simultaneously introduced through dip tubes 
at controlled flow rates of 50 ml/min. Thirty minutes after purging started, 
phenylacetylene (6.2 ml, 56.5 mmol) was added. 
The pH decreased from 6.7 to 2.7 over about 30 minutes at which point the first set 
of oscillations appeared (Figure 2). The oscillations continued for approximately 80 
minutes between pH 1.6 and 3.8. An oscillating reaction exotherm was also 
observed. This was evident from the power compensation calorimetry system 
regulating the electrical heater to maintain constant reaction temperature. The 
reduction in the heater base load is a direct measurement of reaction exotherm, Qr 
(W). Power drops of up to 5 W per oscillation were recorded. 
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Figure 2. pH and heater power (W) recorded in the typical HEL calorimeter run with 
oscillations present. 
 
Once the first set of oscillations had stopped, the pH continued to decrease until it 
reached a value of 0.55 after which it began to increase. After approximately 350 
minutes 50 ml of methanol was added in order to compensate for evaporative loss. 
Approximately 70 minutes after this addition, a second set of oscillations was 
observed. These lasted for approximately 260 minutes, between pH 1.7 and 3.5. 
Power drops of up to 8 W per oscillation were also recorded. 
Additional experimental runs revealed that the occurrence and behaviour of the 
oscillations are dependent on a number of system parameters. For example, an 
experiment performed under exactly the same conditions as those described above 
except for a shorter PdI2 stirring time (30 minutes instead of 45 minutes) resulted in 
only one set of oscillations occurring (Figure 3). 
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Figure 3. pH and heater power (W) recorded in an HEL calorimeter run with 
oscillations present only in the later stage of the experiment. 
 
A reduction in agitation speed to 400 rpm in an otherwise identical experiment to the 
one relating to Figure 2 resulted in fewer oscillations (Figure 4). This suggests that 
gas liquid mass transfer rates are significant. 
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Figure 4. pH and heater power (W) recorded in an HEL calorimeter run with 
oscillations exhibiting shorter life. 
 
5. Discussion and conclusions 
This work has demonstrated that simultaneous oscillations in both pH and Qr may be 
achieved during the palladium-catalysed phenylacetylene oxidative carbonylation 
reaction in a homogeneous catalytic system (PdI2, KI, Air, NaOAc in methanol). 
The total energy released during oscillations may be calculated by integrating the Qr 
profile. This function is performed automatically by the HEL iQ Evaluation Software. 
Figure 5 shows both Qr (W) and the total energy released (kJ) for a selection of five 
exothermic oscillations presented in Figure 2. Over the time period shown, the total 
energy release is 2.93 kJ, which equates to an average of 586 J/oscillation. 
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Figure 5. Example of Qr and total heat release calculated using HEL iQ software. 
 
The magnitude of the heat released is significant. Based on initial charge of 
phenylacetylene alone, it would equate to 10.37 kJ/mol per oscillation. Furthermore, 
the oscillations in Qr were exothermic and no corresponding endotherm was 
observed. Heat release was in phase with a pH fall and decreased as the pH 
increased. 
This could imply a mechanism involving a recurring interaction between two chemical 
sub-systems; the first releasing heat and the second suppressing the exothermic 
reaction. The Qr oscillations are not due to simple chemical reversibility. Because the 
total energy released follows a staircase function, it may be inferred that a reaction 
product would accumulate during the oscillatory phase and would show a similar 
trend. 
The ultimate objective of our work is to develop a predictive kinetic model of the 
system for use in reaction engineering studies, including control of product selectivity. 
This will first require the determination of a reliable reaction network (mechanism). 
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The majority of experiments in this work achieved around 40% conversion of 
phenylacetylene over 200 minutes with the main products shown in Equation (1). 
 
(1)Z-2-phenyl-but-2-enedioic acid
             dimethyl ester
HPh
MeOOC COOMe
Ph COOMe
2-phenyl-acrylic acid
       methyl ester
E-2-phenyl-but-2-enedioic acid
             dimethyl ester
COOMePh
MeOOC H
Ph
COOMe
E-3-phenyl-acrylic acid
       methyl ester
+ CO + MeOH
Air, PdI2, KI, NaOAc
PhC CH
 
 
Details of all observed products and their distribution will be presented elsewhere. In 
order to elucidate the network, further experimental studies will be performed in 
which additional measurements of chemical composition profiles and gas-liquid mass 
transfer rates are made throughout oscillatory and non-oscillatory regions of the 
reaction profile. The combined use of composition and Qr profiles together with the 
inclusion of gas liquid mass transfer rates may enable the kinetic rate terms to be 
regressed [6,7]. 
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